Introduction {#s0001}
============

Bone morphogenic proteins (BMPs) are multi-functional growth factors that belong to the transforming growth factor-β (TGF-β) superfamily. More than 20 members of the BMP subfamily have been described,[@cit0001] and they can be classified in different subgroups, e.g., BMP2/4, BMP5/6/7/8a/8b, BMP9/10 and BMP12/13/14, depending on their amino acid sequence homology, structure and functions.[@cit0002] BMP signals are mediated through 2 classes of transmembrane serine-threonine kinase receptors (BMPR), BMPR type I (BMPR1) and type II (BMPR2). Binding to BMPR2 receptors induces the activation of the receptor complex with the phosphorylation of the BMPR1, leading to intracellular activation of canonical Smad-dependent or non-canonical Smad-independent pathways, which include mitogen-activated proteins kinases (MAPK), p38 or ERK1/2, and Akt.[@cit0001]

BMP4 has recently been revealed as a crucial player in a wide variety of diseases. For instance, BMP4 was shown to have an essential role in the development of severe and progressive disease, such as pulmonary arterial hypertension, through regulation of Ca^2+^ signaling and activation of the Smad1/5/8, ERK1/2 and MAPK/p38 signaling pathways. [@cit0004] BMP4 has also been detected in atherosclerotic plaques, being an inducer of foam cell formation by attenuating cholesterol transporters expression.[@cit0005] Furthermore, increased levels of BMP4, due to oxidative stress, are also present in intrauterine growth retardation, leading to inhibition of oligodendrocyte maturation and myelination.[@cit0006] Interestingly, opposing roles have been found when evaluating the involvement of BMP4 in comparison with other BMPs in disease pathophysiology.[@cit0007] For instance, BMP4 was shown to have an important pathologic role in hypoxic pulmonary hypertension, whereas BMP2 exerted a protective role in this disease.[@cit0008] A similar effect can be seen in renal disease, where BMP4 involvement in the initiation and progression of diabetic changes in the kidney was shown,[@cit0009] but BMP2 exerted a protective effect on renal damage.[@cit0010] In other instances, BMP2 and BMP4 might act synergistically, such as in diabetes[@cit0011] and ovarian cancer,[@cit0012] and therefore concomitant inhibition of both BMP2 and BMP4 might be desired. Distinct roles of BMP4 with other BMPs have also been found in several neoplasms.[@cit0013] For example, in gastric cancer BMP4 enhances migration and reduces cisplatin sensitivity,[@cit0014] while BMP9 has tumor suppressor functions.[@cit0015] Similarly, while BMP4 and BMP2 seem to facilitate metastasis and invasion in most cancers, BMP6 and BMP7 have a suppressive role in metastatic breast cancer and melanomas.[@cit0016]

If BMP4 inhibition is to be used as a therapy strategy, avoiding the side effects of inhibition of other BMPs is of major importance. Three major types of anti-BMP4 antagonists have been described, natural antagonists, small molecule inhibitors of BMP receptors and conventional anti-BMP4 antibodies. A plethora of natural antagonists regulate BMP function.[@cit0017] The best studied group of extracellular BMP modulators is the cystine-knot group of BMP antagonists, which bind BMPs with high affinities and prevent their interaction with the receptors. Depending on the structure (size of the cystine knot), they are divided into 3 groups: the DAN family (Gremlin, Sclerostin), the twisted gastrulation (Tsg), and Chordin and Noggin. The interplay between BMPs and their antagonists is crucial in ultimately determining their effects. A degree of promiscuity exists between these antagonists and the BMPs they bind to and inhibit. Noggin is the BMP antagonist that has been most extensively studied and has been found to inhibit BMP2, BMP4, BMP5, BMP7, BMP13 and BMP14.[@cit0018] For the other antagonists, only some BMPs have been tested.[@cit0019]

Advances in high-throughput screening in zebrafish have allowed the generation of small molecules that inhibit BMP receptors and therefore inhibit BMP4 signaling. Dorsomorphin (DM) was the first small molecule inhibitor developed. It inhibits the canonical SMAD pathway through binding to the BMPR1, Activin receptor-like kinase-2 (ALK2 or ActR-Ia), ALK3 (BMPR1a) and ALK6 (BMPR1b), blocking BMP-mediated Smad1/5/8 phosphorylation and target gene transcription.[@cit0020] Besides its moderate efficiency this molecule is not specific, i.e., it also inhibits other signaling pathways, including AMP-activated protein kinase (AMPK), receptor tyrosine kinase for platelet-derived growth factor (PDGPRβ) and vascular endothelial growth factor type-II receptor (VEGFR-II).[@cit0021] Structure-activity relationship (SAR) studies in DM permitted the generation of molecules with increased inhibitory activity by manipulating their chemical structure. The DM derivate LDN-193189 (LDN) is a more potent and specific inhibitor compared with DM, inhibiting more efficiently the activity of the BMP type I receptors ALK2 and ALK3 and having lower selectivity against ALK5 and VEGFR-II.[@cit0022] Dorsomorphin homolog 1 (DMH1), a second generation molecule also derived from DM, targets the BMPR1 ALK2 and ALK3 more selectively, but not VEGF or AMPK signaling.[@cit0023] Unlike DM and LDN, DMH1 has no inhibitory effect in the non-canonical pathways p38/MAPK.[@cit0023] More recently, K02288 was generated.[@cit0024] This small molecule, when compared with LDN in kinome-wide selectivity studies, showed a more potent and selective activity against ALK1 and ALK2, but not VEGF-II.[@cit0024] However, in cell-based assays of BMP signaling, K02288 showed relatively weak potency and selectivity for the BMP receptors.[@cit0026] Experiments have shown how these small molecules bind and inhibit signaling through the BMP receptors, yet a proper analysis of the different BMPs that they inhibit has not been properly completed.

Several conventional anti-BMP4 antibodies with high specificity to BMP4, and not BMP2, have been described. Whereas most are only used in research applications, such as Western blot or immunostaining, a few of them have been used for neutralization experiments with limited success due to their low efficacy.[@cit0027] Llama-derived antibodies or VHH are small (∼15 kDa) fully functional antibodies that lack light chains. Due to their distinct structure, these stable antibodies can bind specifically and with great affinity to their antigens better than the conventional antibodies.[@cit0032] We recently developed 2 selective anti-BMP4 VHH: C4C4 and C8C8.[@cit0033] C4C4 showed remarkable BMP4 specificity, whereas C8C8 could bind and inhibit both BMP2 and BMP4 signals. Both antibodies were shown to bind to the BMPR1-binding area of BMP4. Whereas C4C4 bound to the BMP4-specific groove region, C8C8 bound to the BMP2/BMP4 pocket interface within the BMPR1 epitope. We also showed that both antibodies potently inhibit BMP4-mediated functions, such as modulating chemosensitivity in colorectal cancer cells.

In this study, we sought to compare these VHHs with the existing BMP4 antagonists and determine their level of specificity and effectiveness. We found that whereas natural antagonists and small molecules were able to inhibit signaling of many members of the BMP family, conventional anti-BMP4 antibodies were BMP4-specific, i.e., they could only inhibit BMP4-mediated signals. However, we found that the neutralization activities of these antibodies were inferior in comparison with the VHHs. Examination of their epitopes suggests that, in contrast to the VHHs, they do not target the BMPR1 binding region, offering an explanation for their low efficiency. Together, our results demonstrate that the newly generated anti-BMP4 VHHs represent a more specific and effective option for inhibition of BMP4, which could potentially be used for research or therapeutic purposes.

Results {#s0002}
=======

Specificity of VHH compared to current inhibitors {#s0002-0001}
-------------------------------------------------

We recently generated 2 llama-derived BMP4-specific antibodies or VHHs, C4 and C8.[@cit0033] VHHs are single domain antibodies only composed by the variable domain of the heavy chain of a llama-derived antibody, which is around 15 kDa in size. Due to their unique structure and small size, VHHs can specifically bind with high affinity to their antigens. We found that dimerization into biheads (C4C4 and C8C8) increased their effectiveness and affinity to BMP4, and therefore proceed to use those for our studies. Compared to Noggin, C4C4 and C8C8 exhibited increased specificity, as they only bind to BMP4 or BMP2 and 4, respectively. We wanted to determine whether this superiority would also extend to other natural antagonists as well as chemical inhibitors of BMP receptors. Therefore, we compared these 2 VHHs with 2 natural antagonists, Noggin and Gremlin, and 2 chemical BMPR inhibitors, LDN and DMH1, using a BMP response element (BRE)-luciferase reporter assay. In this assay, the activation of the BMP-SMAD dependent response gene ID1 was measured in luciferase reporter C2C12 myoblast cells.[@cit0034] As expected, [Fig. 1](#f0001){ref-type="fig"} confirms that specificity of C4C4 is restricted to BMP4 and of C8C8 to BMP2 and BMP4. In contrast, the other inhibitors are less selective. For instance, Noggin and Gremlin could greatly inhibit BMP2, BMP4 and BMP5 signals. Further, Noggin inhibited BMP6, BMP7 and BMP12-mediated SMAD pathways. The chemical inhibitors LDN and DMH1 were observed to be even less selective than Noggin, as they also inhibited BMP9 and BMP10-derived signals. At the concentrations tested, all the inhibitors were equally potent at inhibiting BMP4-derived signals. These results confirm that C4C4 and C8C8 are more specific than the other BMP inhibitors tested because they can neutralize only BMP4 or BMP2/BMP4-mediated SMAD signaling. Figure 1.VHH specificity compared to different inhibitors. C2C12 cells were activated with 50 ng/ml of hBMP2 (A), 10 ng/ml of hBMP4 (B), 200 ng/ml of hBMP5 (C), 50 ng/ml of hBMP6 (D), 200 ng/ml of hBMP7 (E), 25 ng/ml of hBMP9 (F), 25 ng/ml of hBMP10 (G) and 50 ng/ml of hBMP12 (H) for 16h. At the same time the inhibitors were added. VHH, mNoggin, hNoggin and Gremlin were added at a concentration of 500 ng/ml; LDN-193189 (LDN) at 0.5 μM and DMH1 at 0.2 μM.

Superior efficacy of VHH compared to current inhibitors {#s0002-0002}
-------------------------------------------------------

Several commercial anti-BMP4 antibodies have been reported. Whereas most have been used for research applications, some have been shown to have neutralization activities. For instance, clone 3H2, a mouse monoclonal antibody, was able to inhibit BMP4-mediated glial differentiation, [@cit0027] while anti-BMP4 clone 66119 was shown to inhibit BMP4-mediated smooth muscle cell proliferation.[@cit0028] Surprisingly, the concentrations at which those antibodies were used in those and in other publications[@cit0029] ranged between 1-10 μg/ml, in contrast to the nanomolar range of which the VHH were shown to be biologically active.[@cit0033] To test whether these disparities are due to differences in experimental conditions or not, we compared the activity of C4C4 and C8C8 with current anti-BMP4 antibodies in the luciferase C2C12 system. These experiments confirmed that these antibodies are BMP4-specific, as only C8C8 inhibited BMP2-mediated signals ([Fig. 2A](#f0002){ref-type="fig"}). At antibody concentrations of 100 ng/ml, both VHHs completely inhibited BMP4-specific signals, whereas clone 66119 only inhibit 30% and clones 3H2 and M912262 only inhibited 1% of the BMP4-specific signal. Interestingly, 3 anti-BMP4s antibodies were unable to inhibit the BMP4 signals even at saturating concentrations of 10 μg/ml ([Fig. 2B](#f0002){ref-type="fig"}). Figure 2.VHH efficacy compared to different available inhibitors. C2C12 cells were stimulated with 10 ng/ml of hBMP4 (A) or 50 ng/ml of BMP2 (B), and at the same time increasing concentrations of anti-BMP4 antibodies and VHHs were added (0.1 μg/ml to 5 μg/ml). IC~50~ curves of inhibition of BMP2-madiated signals by C8C8 and natural antagonists (C). IC~50~ curves of the inhibition of BMP4-mediated signals by VHHs, commercial anti-BMP4 antibodies and natural antagonists (D).

The superiority in functionality of the VHHs is also maintained at the molarity level, as shown by the IC~50~ curves of these antibodies ([Fig. 2C -- D](#f0002){ref-type="fig"}). Remarkably the neutralization activities of C4C4 for BMP4 (IC~50~ ∼600 pM) and C8C8 for BMP4 (IC~50~ ∼470 pM) and BMP2 (IC~50~ = 1205 pM) are similar to those of mouse (BMP4 IC~50~ ∼615 pM; BMP2 IC~50~ ∼2550 pM) and human Noggin (BMP4 IC~50~ ∼540 pM and BMP2 IC~50~ ∼1690 pM) ([Fig. 2C -- D](#f0002){ref-type="fig"}). The values of the IC50 of the commercial anti-BMP4 antibodies were not able to be determined because they were unable to completely inhibit BMP4 at the saturating concentrations tested ([Fig. 2D](#f0002){ref-type="fig"}). These results establish C4C4 and C8C8 as highly effective inhibitors with higher neutralization capabilities compared to current conventional anti-BMP4 antibodies.

Epitope mapping of commercial anti-BMP4 antibodies {#s0002-0003}
--------------------------------------------------

Based on the BMP4 BRE-signal data, the anti-BMP4 antibodies were of 3 different types: 1) functionally inactive; 2) weak inhibitors; and 3) strong inhibitors. These results could be explained by differences in epitope binding. The active mature form of BMP4 is released after proteolytic cleavage of the secreted inactive form (pro-BMP4) ([Fig. 3A](#f0003){ref-type="fig"}). As only the active dimeric form of BMP4 is used in the C2C12 luciferase-based assays, it is likely that the lack of activity of some antibodies would be due to binding to pro-BMP4 rather than the active dimeric form. Indeed, when the mature dimers of BMP4 were immobilized in nitrocellulose membranes, they were not recognized by the functionally neutral antibodies (data not shown). In contrast, all the antibodies with functional activity detected a band of ∼34 kDa, which corresponds to the mature BMP4 dimer ([Fig. 3A](#f0003){ref-type="fig"}). In these blots, C8C8 also identified dimers of BMP2 (band at ∼26 kDa, [Fig. 3B](#f0003){ref-type="fig"}). Surprisingly, clones M9122623 and 3H2 also seemed to recognize BMP2 and BMP5. There was also a weak BMP5 band (31 kDa) observed when the clone 66119 was used. These results seem to indicate that whereas the inactive antibodies bind pro-BMP4, both weak and strong anti-BMP4 antibodies bind to the mature region of BMP4. Figure 3.Epitope mapping of commercial anti-BMP4 antibodies. Schematic representation of BMP4: mature active BMP4 (BMP4 active dimer and BMP4 heparin domain) and immature inactive pro-BMP4 form (A). Western Blot detection of unreduced recombinant BMP proteins (B) and reduced cancer cell lines lysates (C). Conditioned media from HT29 was added to the C2C12 cells in the presence of 10 μg/ml of VHHs or anti-BMP4 antibodies (clone 66119, clone 3H2, clone PA354, clone and EPR6211 and antibody ab39973) (D).

To confirm that indeed the inactive antibodies bind to the long pro-BMP4, reduced lysates of different cancer cell lines were blotted with those antibodies ([Fig. 3C](#f0003){ref-type="fig"}). A single line of ∼47 kDa, corresponding to the reduced pro-BMP4, was observed. These results explain why these antibodies do not directly inhibit the signals of the active form of BMP4 in the C2C12 experimental setting, but they do not reflect the real biological significance of pro-BMP4 inhibition. It could be postulated that blocking the inactive form of BMP4 could indirectly result in a decreased BMP4 activity, because of blocking its cleavage into an active BMP4. We therefore incubated the supernatants of the colorectal cancer cell line HT29, known to produce and secrete BMP4,[@cit0033] with the different antibodies ([Fig. 3D](#f0003){ref-type="fig"}). Addition of the antibodies that target pro-BMP4 had no effect on total BMP signal, indicating that these antibodies bind to a region within the pro-domain that does not interfere with proteolytic cleavage, and therefore have no biological effect on BMP4 function. As expected, the other anti-BMP4 antibodies inhibited endogenous BMP4 activity at different levels.

We previously showed that C4C4 and C8C8 target different areas within the BMP4 molecular interface that binds BMPR1a.[@cit0033] We therefore wanted to test whether the superiority of the VHHs over the weak commercial anti-BMP4 antibodies was due to the specific targeting of the BMPR1 areas, as opposed to targeting other non-BMPR binding regions within the mature dimer. To that end, we used a mutated form of BMP4 ([Figs. 3A and 4A](#f0003 f0004){ref-type="fig"}), that lacks an N-terminal region containing several basic residues shown to be involved in binding to the extracellular matrix through interactions with heparin. [@cit0035] Using the C2C12 system, this mutated BMP4 (hΔBMP4) was shown to be less active in activating BMP4-mediated ID1 promoter activity than the full length mature dimer of BMP4 ([Fig. 4A](#f0004){ref-type="fig"}). As previously shown,[@cit0033] the VHHs had no difficulty in inhibiting hΔBMP4-mediated activity, indicating that deletion of this region had no effect on binding of the VHHs to their epitopes on BMP4 ([Fig. 4B](#f0004){ref-type="fig"}). In contrast, deletion of the N-terminal part had an effect on the binding of the other antibodies to BMP4 ([Fig. 4B](#f0004){ref-type="fig"}). Clone 66119, for instance, was unable to inhibit hΔBMP4-mediated signals, demonstrating that the deleted region is indeed the epitope of this antibody. Interestingly, 3H2 and M912262 were able to inhibit hΔBMP4-mediated signals better than BMP4, indicating that this N-terminal domain interferes with their epitope ([Fig. 4B](#f0004){ref-type="fig"}). Together, these results suggest that the epitopes of the commercial antibodies are different than the VHHs. Thus, it could be postulated that targeting areas involved with BMPR1 binding, as opposed to targeting other areas within the mature dimeric form of BMP4, confers functional superiority to the anti-BMP4 VHHs. Figure 4.Epitope mapping with hΔBMP4. Schematic alignment of hBMP2, hBMP4 and mutated BMP4 (hΔBMP4) and comparison of relative functionality of BMP4 and hΔBMP4 (A). Comparison of BMP4 binding sites between antibodies. C2C12 cells were stimulated with 10 ng/ml of BMP4 or 1,000 ng/ml of hΔBMP4. At the same time the antibodies were added at a concentration of 10 μg/ml (B).

Discussion {#s0003}
==========

Specific BMP4 inhibition is therapeutically attractive because BMP4 is involved in the pathogenesis of certain diseases such as renal disease,[@cit0009] diabetic nephropathy,[@cit0036] hypoxic pulmonary hypertension[@cit0008] and gastric cancer,[@cit0014] among others. However, BMP ligands and BMP receptors share remarkable functional and structural similarities, which has posed challenges for the development of specific BMP4 inhibitors with clinical potential. In this report, we compared the specificities and neutralization capabilities of current BMP inhibitors with recently designed anti-BMP4 llama-derived antibodies.[@cit0033]

Natural BMP antagonists are well-established inhibitors of BMP4, and some have been shown to be effective at inhibiting specific BMP4-mediated functions.[@cit0037] However, several limitations curb their applications in the clinic for BMP4-specific diseases. Recombinant natural proteins may have very short half-life and poor bioavailability.[@cit0038] For instance, BMP4-induced heterotopic ossification was only blocked if Noggin was delivered locally, but not systemically. However, when somatic cell gene transfer of a mutated form of Noggin that lacks its heparin-binding domain was systemically given, bone formation was effectively inhibited.[@cit0038] Therefore, recombinant proteins need to be re-engineered for their use in the clinic, a process that can be cumbersome and expensive. Another complicating factor is that their activity is in turn tightly regulated by extracellular factors, including other BMP antagonists and other proteins, such as the metalloproteases Xolloid and Tolloid.[@cit0039] Thus, if the expression of antagonists overlaps, activation of BMP signaling instead of inhibition might result. Also, additional mechanisms of action have been described for some antagonists, rendering these molecules highly unspecific at inhibiting BMP4 function. For instance, Chordin possesses BMP-independent functions due to its binding to cell surface proteins and alteration of cellular integrity.[@cit0040] In some cases, BMP modulators possess such opposing modes of regulation that they can act both as anti- or pro-BMP molecules, as in the case of Tsg and Crossveinless-2 (CV2). Finally, some BMP antagonists are non-selective in nature and modulate signaling of not only several BMPs, but also of other members of the TGF-β family, as well as other signaling pathways such as Wnt.[@cit0041]

In our experiments, we found that natural Noggin and Gremlin are extremely potent at inhibiting BMP4-, BMP2- and BMP5-derived signals. They also inhibit the signals of other BMPs at varying degrees. For instance, we found that Noggin clearly inhibits BMP6 and BMP7. As these 2 BMPs have been shown to be protective in certain cancers,[@cit0016] application of Noggin in the clinic might present detrimental effects. Interestingly, the inhibition of BMP7 was apparent with both human and mouse Noggin, whereas human, but not mouse, inhibited BMP6, and to lower levels than its inhibition of BMP7. This is in concordance with previous results.[@cit0042]

We also showed for the first time that both Noggin and Gremlin can inhibit BMP12-specific signals. Noggin and Gremlin bind to the ligands through several molecular interfaces that encompass both BMPR1a and also BMPR2 epitopes. These epitopes contain large areas of conserved amino acids between BMPs, which might explain their lack of specificity to certain BMPs.[@cit0043]

Since the characterization of Dorsomorphin (DM),[@cit0020] much effort has been made to develop more specific small molecule inhibitors of type I BMP receptors that selectively target the BMP and not the TGF-β pathway. LDN-193189 and DMH1, are both DM-derivate with increased potencies and specificities over DM. LDN was recently shown to target both the BMP and TGF-β pathway, as well as several other kinases.[@cit0045] DMH1, however, selectively inhibits Alk2 and Alk3, and has no effect on other BMP- or TGF-β-receptors.[@cit0023] Most studies using these molecules have mainly compared their binding affinities and specificities toward their receptors, but their effects on the signaling pathways on the different BMPs was lacking. In this study, we analyzed their specificity toward a large panel of BMPs. These inhibitors were the least selective of all the compounds tested, as they were able to inhibit the signaling mediated by all 8 BMPs examined.

Our data also presents a comparison between Noggin and DMH1, revealing that natural antagonists are more selective than chemical inhibitors. This is in keeping with the fact that the small inhibitors target the receptors, rather than the ligands themselves. The so-called ligand-receptor promiscuity, by which BMP receptors can bind several ligands,[@cit0046] renders the chemical inhibitors more promiscuous than the natural antagonists. Therefore BMP receptor inhibitors are also not fit to provide specific BMP4 inhibition and should not be used as therapy options in diseases in which BMP4 signaling is defective. Small molecule inhibitors can, however, potentially be used in the clinic for diseases in which total BMP signaling is affected. For instance, dysregulation of BMP signaling pathway is found in diseases such as fibrodysplasia ossificans progressiva (FOP) and diffuse intrinsic pontine glioma (DIPG), which are driven by mutations in the ACVR1 gene, vital for the ALK2 activation.[@cit0022]

Conventional anti-BMP4 antibodies have been previously reported and used both in research as well as in neutralization experiments.[@cit0027] Their epitopes, however, have never been tested or disclosed, and their inhibitory capabilities were never compared. In this study, we aimed to decipher their binding epitopes and determine how these correlate with functionality. We selected antibodies commonly used in the literature. In particular, clone 66119 (MAB757 from R&D) has been mainly used to inhibit BMP4 function. Also, clone EPR6211 (Cat. No. ab124715; Abcam) is the one mostly used when detecting BMP4 by immunohistochemistry.[@cit0047]

Our study revealed 3 types of anti-BMP4 antibodies ([Fig. 5](#f0005){ref-type="fig"}). We showed that one group of antibodies that recognize pro-BMP4 are not suited at inhibiting BMP4 function. We demonstrated they cannot directly inhibit the functional activity of mature BMP4 because they do not bind to this active form. We also proved that their binding to pro-BMP4 does not affect its cleavage, and therefore its release into the active form, which leaves BMP4 activity in the system unchanged. Because these antibodies detect pro-BMP4, they are well suited to identify cells or tissues that secrete BMP4, and therefore can be used in research applications such as western blots or immunohistochemistry. Figure 5.Schematic overview of binding determinants of BMP4 and the different anti-BMP4 tested. Existing anti-BMP4 antibodies engage their target via interactions through different domains within BMP4. Whereas C4C4 and C8C8 bind to the BMPR1a binding site, inactive antibodies bind to the pro-domain and weak antibodies bind to certain regions of the mature protein, such as the heparin domain (HD), that do not correspond to the BMPR1a binding site.

A second group of anti-BMP4 antibodies have weak inhibitory capabilities. Using protein gel blot, we found that all the antibodies in this group bind the mature region of BMP4. In particular, and as confirmed in previous results,[@cit0033] clone 66119 binds to an N-terminal region of BMP4 that might correspond to the heparin domain of BMP4.[@cit0035] Here, we prove that this antibody is remarkably less effective at inhibiting BMP4-mediated function than the VHHs. The other anti-BMP4 antibodies of this group were extremely poor at functionally inhibiting BMP4, and they bound other BMPs, such as BMP2 and BMP5. This suggests that their epitope lies within a region containing residues shared by these BMPs. Together, these results show that the antibodies in this group bind to a region within the mature BMP4 that is not functionally relevant, and that does not correspond to the BMPR1 binding region. Indeed, the finding that hΔBMP4 is still able to activate (albeit at much lesser concentrations) the ID1 promoter in C2C12 cells suggests that completely removal of this region is not sufficient to block the ability of BMP4 to activate its receptors. Further, we also exposed the low biological significance of these antibodies. When using a colorectal cancer cell line that exclusively secretes BMP4,[@cit0033] we found that using a saturating amount of the commercially available antibodies produced minimal effects on BMP4 signaling. The significance of the epitope mapping of these commercial antibodies also extends beyond their applicability as neutralization antibodies. When using these antibodies for research purposes, caution in the interpretation of the results must be taken. For instance, if expression is being tested with antibodies that bind pro-BMP4, the results will depict BMP4 being secreted, but not necessarily active. If expression of active BMP4 is desired, then antibodies that target the mature region must be used.

The third group of antibodies tested included C4C4 and C8C8. These llama-derived antibodies raised against human BMP4 bind the BMPR1 epitope of BMP4 with high affinity ([Fig. 5](#f0005){ref-type="fig"}). The results herein show that these antibodies are superior both in specificity and effectiveness. To our knowledge, these are the first anti-BMP4 antibodies described to target the BMPR1-binding region of BMP4. It is therefore tempting to speculate that targeting this region provides these antibodies with superior ability to inhibit BMP4 function.

Concomitant inhibition of BMP2 and BMP4 might also be clinically attractive. Both BMPs are known to be involved in different biologic processes in various diseases. In a mouse model of diabetes, both BMP2 and BMP4 were shown to be elevated.[@cit0011] In vitro experiments showed that BMP2 and BMP4 negatively regulate the proliferation of β cells and insulin secretion in mouse and human islets. In this setting, inhibition of BMP2 and BMP4 by C8C8 might represent a novel approach for protection and regeneration of adequate functional β cell mass in diabetes.[@cit0011] Similarly, in ovarian carcinoma, BMP2 and BMP4 promote cancer growth with the formation of microcalcifications, which is commonly observed in ovarian tumors. When inhibiting BMP signaling in vitro and in vivo mesenchymal stem cell-promoted tumor growth is abrogated.[@cit0012] These examples providence evidence for future therapeutic applications of C8C8.

Pharmacological inhibition of BMP4 function should, however, be undertaken with caution. BMP4 is a complex molecule that has been shown to have dual effects on, for instance, certain types of cancer.[@cit0050] In breast cancer, BMP4 induces tumor progression activities such as migration and invasion, but suppresses cell growth.[@cit0050] Similar results can be found for pancreatic cells.[@cit0051] In colorectal cancer, mutations in the BMPR receptors or the canonical BMP transcription factor SMAD4 are associated with colorectal cancer progression, suggesting a tumor suppressive role for BMP signaling,[@cit0052] although it was later shown that this functional bi-directionality depends on the mutational status of the colon cancer cells. For instance, loss of SMAD4 or mutations on p53 in colorectal cancer cells causes BMP signaling to switch from tumor suppressive to metastasis promoting.[@cit0054] Our group has also shown that inhibition of BMP4 activity by C4C4 or C8C8 in SMAD4-negative colorectal cancer cells results in an increase in chemosensitivity. These results therefore suggest that inhibition of BMP4 is an attractive therapeutic strategy in colorectal cancers provided it is targeted to cancers presenting the right mutational profile. This might not only apply to colorectal malignancies but also other types of cancers. These findings also suggest that if pharmacological inhibition is given for diseases other than cancer, caution must be taken regarding its potential interplay with oncogenesis.

The clinical applicability of VHHs is currently being investigated in a wide array of diseases, such as inflammatory and infectious diseases, as well as oncology.[@cit0055] The superiority of VHHs in comparison with conventional antibodies in terms of specificity and potency is well documented. For instance, VHHs raised against the respiratory syncytial virus (RSV)[@cit0056] or tumor necrosis factor[@cit0057] were found to have higher antagonist capabilities than conventional antibodies currently used in the clinic for RSV infections or rheumatoid arthritis, respectively. However, the decreased half-life of VHHs has remained a major obstacle for their introduction in the clinic.[@cit0058] Several strategies are now being implemented to overcome these limitations. Such strategies include the generation of bivalent VHHs by the addition of albumin- or immunoglobulin-binding VHHs, resulting in half-lives of 2 or 9 days, respectively.[@cit0055] Other approaches, such as addition of polyethylene glycol to the VHHs, have been shown to increase serum half-life and increase VHH functionality.[@cit0060] These studies have therefore demonstrated that straightforward reengineering strategies can turn VHHs into effective therapeutic agents.

In conclusion, we showed that our recently generated llama-derived nanobodies specific for BMP4 are more effective and specific at inhibiting BMP4-mediated function than natural antagonists, small molecule BMP inhibitors and conventional anti-BMP4 antibodies. We have shown that other commercial anti-BMP4 antibodies are less potent and weakly bind to other BMPs. This is most likely due to binding to regions of the BMP4 molecule not involved in binding with the receptors. This might explain why the VHHs are superior. These VHHs are thus promising research and clinical tools to inhibit BMP4 function.

Methods {#s0004}
=======

Cells and cell culture {#s0004-0001}
----------------------

Stably transfected C2C12 mouse myoblasts with BRE-luciferase vector containing mouse ID1 promoter (BMP Responsive Element) were kindly donated by Dr. L. Zilberberg and Dr. D. Rifkin.[@cit0034] C2C12 cells were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10% of fetal bovine serum (FBS), 2 mM of glutamine, 100 units/ml of penicillin, 100 μg/ml of streptomycin and 700 μg/ml of G418 (InvivoGen SAS).

Esophageal adenocarcinoma cell lines OE19, OE33 and SKGT4 and colorectal adenocarcinoma cell line HT29 were cultured in Roswell Park Memorial Institute 1640 medium (RPMI) supplemented with 10% FBS, 2 mM of glutamine, 100 units/ml of penicillin and 100 μg/ml of streptomycin.

The colorectal adenocarcinoma cell line HCT116 and the pancreas adenocarcinoma cell line Capan-2 were cultured in DMEM supplemented with 10% FBS, 2 mM of glutamine, 100 units/ml of penicillin and 100 μg/ml of streptomycin. All carcinoma cell lines were cultured for at least 4 days, and medium changed every 2 to 3 days.

Western blotting {#s0004-0002}
----------------

To determine the different forms of BMP4, recombinant BMP proteins and carcinoma cell lines lysate were used. Protein concentrations of cell lysates were determined using Pierce^™^ BCA Protein Assay Kit (Pierce Biotechnology), following the manufacturer\'s protocol. Equal amount of samples were loaded (between 8 and 30 μg/lane) on a 10% SDS-polyacrylamide gel and subsequently blotted onto PVDF transfer membranes. The membranes were blocked with blocking solution (5% non-fat milk + Tris-buffered saline with Tween® 20 (TBST) or 5% bovine serum albumin (BSA) + TBST) and subsequently incubated with the appropriate primary and secondary antibody. Afterwards, membranes were washed and incubate with chemiluminescent solution (Pierce^™^ ECL subtract, Pierce Biotechnology) and visualized using ImageQuant LAS 4000 (GE Healthcare Life Science). Densitometry analysis was performed using Image J 1.45s (Wayne Rasband, National Institutes of Health, USA).

Primary antibodies include: anti-BMP4 clone 66119 (1μg/ml; Cat. No. MAB757; R&D Systems), anti-BMP4 clone 3H2 (0.5μg/ml; Cat. No. 500-M121; Peprotech); anti-BMP4 clone M912262 (0.5μg/ml; Cat. No. ABIN934071; Antibodies-Online), anti-BMP4 Clone EPR6211 (0.1μg/ml; Cat. No. ab124715; Abcam), anti-BMP4 (0.8μg/ml; Cat No. ab39973; Abcam), C4C4 (0.1μg/ml) and C8C8 (1μg/ml). Secondary antibodies include: HRP-anti-rabbit (1:200; Cat. No. P0448; Dako), HRP-anti-mouse (1:2,000; Cat. No. P0447; Dako) and HRP-anti-llama (1:1,000; Cat. No. ab112786; Abcam).

Luciferase assay {#s0004-0003}
----------------

C2C12 cells were cultured in 96-well plates at 5×10^3^ cells/well. After overnight incubation, the cells were used for different experiments.

To analyze VHH specificity, C2C12 cells were stimulated with 10 ng/ml of hBMP4 (Cat. No. 314-BP-020; R&D Systems), 50 ng/ml of hBMP2 (Cat. No. 355-BM-010; R&D Systems), 200 ng/ml of hBMP5 (Cat. No. 615-BMC-020; R&D Systems), 50 ng/ml of hBMP6 (Cat. No. 506-BP-020; R&D Systems), 200 ng/ml of hBMP7 (Cat. No. 354-BP-010; R&D Systems), 25 ng/ml of hBMP9 (Cat. No. 3209-BP-010; R&D Systems), 25 ng/ml of hBMP10 (Cat. No. 2926-BP-025; R&D Systems), and 50 ng/ml of hBMP12 (Cat. No. 779-G7-010; R&D Systems). At the same time, different inhibitors were added: C4C4 and C8C8 at a concentration of 500 ng/ml; mNoggin (Cat. No. 1967-NG-025; R&D Systems), hNoggin (Cat. No. 6057-NG; R&D Systems) and mGremlin (cat\#956-GR-050; R&D Systems) at 500 ng/ml; LDN-193189 at 0.5 μM (Cat. No. 11802; Cayman Chemical) and DMH1 at 0.2 μM (Cat. No. S7146; Selleckchem).

VHH efficacy was evaluated by stimulating cells with 10 ng/ml of hBMP4 and 50 ng/ml of hBMP2, with and without increasing concentrations (from 0.1 -- 10 μg/ml) of VHHs or anti-BMP4 antibodies: clone 66119, clone 3H2, clone M912262, clone PA354-16.1.1 (Cat. No. MABD411; Millipore), Clone EPR6211, and anti-BMP4 (ab39973).

To determine the IC~50~ of each antibody, cells were stimulated with 10 ng/ml of hBMP4 or 50 ng/ml of hBMP2, with and without increasing molar concentrations (from 0.048 -- 100,000 pM) of VHH, anti-BMP4 antibodies (clone 66119, clone 3H2 and clone M912262) and natural antagonists (mNoggin, and hNoggin).

Analysis of the different antibodies in the binding of endogenous BMP4 was performed by stimulated C2C12 cells with conditioned medium of HT-29 cell line with and without 10 μg/ml of VHHs and anti-BMP4 antibodies: clone 66119, clone 3H2, clone PA354-16.1.1, clone EPR6211 and Abcam antibodies ab39973.

To check the functional activity of different forms of BMP4, C2C12 cells were cultured with increasing concentrations (from 0.5 -- 1,000 ng/ml) of BMP4 or the mutated form of BMP4 (hΔBMP4; Cat. No. AF-120-05ET; Peprotech). When indicated VHHs and anti-BMP4 antibodies were added at the same time at concentrations of 10 μg/ml.

All experiments were performed for a final volume of 100 μl of DMEM supplemented with 0.1% BSA, 2 mM of glutamine, 100 units/ml of penicillin and 100 μg/ml of streptomycin, in each well. Unstimulated cells were used as controls and wells with no cells used to normalize the background activity. Each condition was performed in triplicate. After 16 hours incubation, the luciferase activity was measured by adding 100 μl of luciferase substrate (Bright-Glo^™^ Luciferase assay System, Promega Benelux). After an incubation period of 5 minutes, luciferase activity was measured using Synergy HT Multi-Mode Microplate Reader (Biotek, Winooski, VT, United States). Data was normalized and represented as ratio to the activity of cells stimulated with only BMP.

Statistical analysis {#s0004-0004}
--------------------

All experimental data were carried out with at least 3 independent experiments. Data is expressed as mean ± standard error mean (SEM). Statistical analysis was analyzed using one-way analysis of variance (ANOVA) followed by Dunnett\'s multiple comparison test. Probabilities of p ≤ 0.05 (\*), p ≤ 0.01 (\*\*) and p ≤ 0.001 (\*\*\*) were considered to be statically significant. Statistical analysis was performed using GraphPad Prism 5.01 (GraphPad Software, Inc., CA USA).
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